Abstract-This paper presents the design and characterization of a microelectromechanical systems (MEMS)-based energy harvester with target applications, including implanted biomedical sensors and actuators. The harvester is designed to utilize ultrasonic waves from an external transmitter for mechanical excitation, with electrostatic transducers being used to convert the vibrations of a central mass structure into electrical energy. The device features a novel 3-degrees of freedom design, which enables energy to be produced by the harvester in any orientation. The harvester is fabricated using a conventional siliconon-insulator MEMS process, with experimental testing showing that the system is able to generate 24.7, 19.8, and 14.5 nW of electrical power, respectively, via the device's x-, y-, and z-axis resonance modes over a 15-s period.
I. INTRODUCTION
T HE RUNNING time of standalone electronic systems such as wireless network nodes, personal electronic devices, and remote sensors is typically dependent on the capacity of the batteries used to power the system [1] - [3] . For this reason there has been much interest in the concept of energy harvesting, where energy from an external source is converted into electrical energy and used to help power the system. This leads to an increase in the effective running time of the device and may even allow the system to become fully self-powered, negating the need for additional external charging.
Energy harvesting has been a particularly relevant application for microelectromechanical systems (MEMS). The ease of integration of MEMS-based devices with external electronic systems, together with their relatively straightforward fabrication process, make them especially suited to the harvesting of energy for microscale applications such as structure monitoring systems and wearable electronics [4] , [5] . Such MEMS-based energy harvesters are typically designed to generate electrical energy from vibration sources present within the system's environment [6] - [9] .
Implanted electronic devices for biomedical applications such as patient monitoring and drug delivery provide an example where the benefits of microscale energy harvesting are particularly applicable [10] . Such devices continue to use batteries to meet their energy requirements, with surgical procedures being required to replace the batteries when they become depleted. As a result, it would be greatly beneficial to be able to wirelessly transfer electrical energy to devices implanted within the body. While previous research has demonstrated the use of radio-frequency electromagnetic waves to supply power to implanted devices [11] , concerns regarding associated factors such as electromagnetic coupling mean that the safe and reliable transfer of energy through the body is a continuing research goal [12] .
The integration of a MEMS-based energy harvester with the implanted biomedical device may potentially address this challenge. In a typical implementation, an external source of energy could be used to mechanically excite a resonant MEMS structure, with the resulting motion being converted into electrical energy via integrated transducers. As demonstrated in [13] , ultrasonic waves can be effectively used to transfer acoustic energy to a receiver implanted within soft tissue, and therefore represents an excitation method that is particularly suited to implanted biomedical applications (see Fig. 1 ). The transfer of energy via the use of ultrasonic waves has been demonstrated in [12] , and has been shown to be an effective method of mechanically exciting an implanted microstructure [14] .
An ultrasonically-excited MEMS energy harvester has been demonstrated in [15] - [17] , where a 2-degree of freedom (DOF) device was fabricated using a silicon-on-insulator (SOI) MEMS process. The device featured a central proof mass which was designed to resonate in the in-plane directions when an external source of ultrasonic waves was directed at the device. Electrostatic transducers were implemented to generate electrical energy from the vibrations of the mass, with experimental testing showing that the harvester was able to successfully charge a load capacitor.
One common motivation for designing multi-DOF energy harvesters is to increase the effective harvesting bandwidth of the system. This can be done by designing individual DOFs to possess a slightly different resonance frequency, which allows the harvester to respond to a greater range of exciting vibration frequencies [18] . Alternatively, such multi-DOF harvesters can be used to harvest energy from vibrations sourced from different directions, rather than different frequencies. In a 1-DOF system, any misalignment with the direction of the exciting vibrations results in a significant reduction in power output, however the use of multiple harvesting DOFs in orthogonal directions greatly reduces this problem. For example, the 2-DOF system presented in [19] allows energy to be harvested from vibrations in any direction within the plane of the device.
II. A NOVEL 3-DOF ENERGY HARVESTER
This paper extends the work reported in [17] by presenting a novel 3-DOF MEMS energy harvester that is designed to use an external source of ultrasonic waves for mechanical excitation. The harvester features mechanical resonance modes in both the in-plane (x and y) directions as well as the out-of-plane (z) direction, meaning that the device is able to harvest electrical energy regardless of its orientation with respect to the ultrasonic waves. This mechanism is of particular benefit when the orientation of the harvester cannot be guaranteed or controlled, as in an implanted biomedical application. The mechanical energy of the oscillating proof mass is converted into electrical energy via comb-finger electrostatic transducers, with individual harvesting mechanisms being employed for each of the harvester's degrees of freedom.
While a 3-DOF MEMS harvester was first demonstrated in [20] , the device was fabricated using a nickel-based MEMS process that stipulated the use of relatively large feature sizes. The geometric properties of the chosen fabrication process limited the effectiveness of the device's electrostatic transducers, leading to a lower harvested power than demonstrated in [17] . In contrast, the device presented in this paper uses a conventional SOI process, allowing the full effectiveness of the integrated electrostatic transducers to be maintained.
A. In-Plane Harvesting Mode
The in-plane operation of the 3-DOF harvester is based on the principle of parallel kinematic design, and is an evolution of the 2-DOF harvesting mechanism presented in [17] . As shown in Fig. 2a , the device features a large central proof mass which is used to absorb incoming ultrasonic waves. A series of beam flexures are connected around the edges of the mass, which facilitate its displacement in the in-plane directions. These flexures effectively decouple the x and y motions of the mass, and are designed such that the harvester's first inplane resonance modes are at the desired frequency.
To convert the in-plane displacements of the proof mass into harvested electrical power, electrostatic transducers are implemented in the form of in-plane, overlap-varying comb finger electrodes. These electrodes are positioned around the periphery of the harvester, with separate electrodes being used to harvest displacements along the x and y axes.
B. Out-of-Plane Harvesting Mode
In addition to the in-plane harvesting mechanism, the 3-DOF MEMS harvester features a mechanical resonance mode that is designed to allow ultrasonic waves to be harvested in the out-of-plane (z-axis) direction. This is achieved by subdividing the central proof mass to create a smaller, independent mass that is connected to the remainder of the movable structure via a secondary set of flexures. These flexures are designed such that the first resonance mode of this smaller mass is in the out-of-plane direction. This mechanical arrangement effectively means that the out-of-plane harvesting mechanism is nested serially within the in-plane harvesting structure. While the entire mass structure moves in unison in the in-plane directions, the out-of-plane resonance mode is based on relative displacement between the smaller nested mass and the surrounding frame.
An additional electrostatic transducer is used to facilitate energy harvesting using the z-axis displacement of the nested proof mass. In this case, a variable capacitor is implemented through the addition of comb finger electrodes to both the nested sub-mass and the surrounding structure. During the operation of the harvester's out-of-plane harvesting mechanism, the time-varying displacement of the nested mass leads to out-of-plane variations in the overlap between the comb fingers to provide the capacitance variations required for energy harvesting to take place.
Compared with the size of the entire device, the dimensions of the nested mass are relatively large (approximately 2 mm × 2 mm) in order to provide a large surface area for the capturing of incident ultrasonic waves. However, if the nested mass were comprised solely of the relatively thin silicon layer employed in a conventional SOI process, this structure would possess a very low mechanical stiffness in the out-of-plane direction. With a low thickness-to-width ratio, the silicon mass would tend to act like a membrane rather than a stiff mechanical structure, making it difficult to achieve a mechanical resonance mode at ultrasonic frequencies as desired.
To increase the out-of-plane stiffness of the nested mass, the substrate of the SOI process is utilized to mechanically reinforce the silicon layer. The substrate underneath the harvester is etched to leave a cross-shaped structure spanning the width of the nested silicon mass, which has the effect of allowing the silicon layer to maintain its rigidity when being displaced in the out-of-plane direction. This nested mass is then connected to the remainder of the central mass structure via a secondary set of flexures, whose spring constant determines the z-axis resonance frequency of the out-of-plane mode. An additional ring of suspended substrate is attached to the outer section of the central mass structure to increase the mechanical stiffness of this section, enabling the desired relative z-axis displacement between the nested mass and the surrounding structure in the out-of-plane resonance mode. These suspended substrate structures are shown in Fig. 2b .
As the 3-DOF system's out-of-plane harvesting mechanism is nested serially within the in-plane harvesting structure, the use of a conventional SOI process with a single conductive layer increases the complexity of routing an electrical con- nection from the central harvesting electrode to the edge of the device for wirebonding. This is achieved in the design of the harvester through further utilization of the die's substrate, and by etching the main SOI layer in strategic locations to allow for electrical isolation of adjacent sections of the harvester. By allowing the substrate layer to remain in place underneath these areas, the electrically isolated components of the SOI layer remain mechanically connected through their attachment to the substrate via the buried oxide layer. This principle facilitates the creation of an electrical path from the nested mass at the center of the MEMS device to pads at the periphery of the design without compromising the operation of the in-plane harvesting mechanism. The electrically separated components of the MEMS harvester are shown in Fig. 3 .
C. Simulation of Resonance Modes
In a typical application, the MEMS harvester would be mechanically excited by ultrasonic waves emitted by an external transmitter. To maximize the displacement of the harvester's mass structure, and consequently the power converted by the device, the frequencies of the harvester's primary resonance modes should be matched with the frequency of the ultrasonic excitation. As 25 kHz is a common frequency for commercially available ultrasonic transmitters, this was chosen as the target frequency for the design of the harvester's resonance modes. Accordingly, the dimensions of the harvester's beam flexures and the etched area of the silicon layer were designed such that all three resonance modes (x/y/z) are close to the desired frequency. A summary of the design parameters for the device is shown in Table I .
The resonance modes of the MEMS harvester were simulated using finite element analysis in the MEMS design software package CoventorWare. As shown in Fig. 4 , each of the in-plane and out-of-plane modes are close to the targeted 25 kHz resonance frequency.
III. MEMS FABRICATION
The 3-DOF MEMS harvester was fabricated via MEM-SCAP's commercial SOIMUMPs prototyping process [21] , with images of the fabricated device obtained via a scanning electron microscope (SEM) being shown in Fig. 5 . The SOI process features 25 μm doped silicon for the main device layer containing the harvester's flexures, capacitive comb fingers, and main mass structures. Beneath the silicon layer is a 2 μm-thick buried oxide layer, which provides electrical isolation between adjacent silicon structures.
The MEMS die's substrate consists of 400 μm-thick silicon, which is largely removed from underneath the harvester via a deep reactive ion etch. However, as noted in Section II-B, a number of substrate structures are left in certain areas to create mechanical linkages and to increase the out-of-plane stiffness of the silicon layer. These suspended substrate elements are shown in Fig. 5c .
IV. EXPERIMENTAL CHARACTERIZATION

A. Mechanical Resonance Mode Identification
The die containing the fabricated MEMS harvester was fixed to a custom PCB, which possesses a hole to enable the free movement of the device's suspended substrate structures. Electrical connections between the PCB and the harvester's electrical pads are made via gold bonding wires. An example of the experimental setup is shown in Fig. 6 .
Initial testing of the fabricated harvester involved experimentally measuring the frequencies of the device's mechanical resonance modes. This was carried out using a Frequency response of fabricated harvester obtained using 3D vibrometer.
Polytec MSA-050-3D Micro System Analyzer (MSA), which features three independent laser Doppler vibrometers that directly measure the vibrations of a mechanical structure. These vibrations are resolved into their x-, y-, and z-axis components, allowing each in-plane and out-of-plane mode to be individually identified.
To mechanically excite the resonance modes of the 3-DOF harvester while being analyzed with the MSA, a smallamplitude chirp signal superimposed on a 60 V DC bias was applied directly to the harvester's electrostatic transducers. While an external ultrasonic transmitter could equally have been used to excite the device, in this case the use of the harvester's electrostatic transducers as an actuating mechanism achieves the same result, and avoids the influence of a transmitter's dynamics on the resulting measurements. The frequency response measured by the MSA is shown in Fig. 7 . As shown, there is a clear peak in the magnitude plot for each of the three orthogonal axes, indicating the locations of the designed resonance modes. These peaks are located at 24.30 kHz, 24.08 kHz, and 26.23 kHz for the x-, y-, and z-axis modes respectively. These are close to the frequency of 25 kHz targeted during the design of the harvester, however there are nevertheless some variations from the desired frequency in the fabricated device. The symmetry of the harvester design in the in-plane directions is reflected in the closeness of the x-and y-axis modes, while the difference in frequency between these modes and the z-axis mode can be attributed to the use of a flexure mechanism that is independent of the in-plane mechanism. There is a strong correlation between the thickness of the main silicon layer and the outof-plane stiffness of the flexures used for the z-axis harvesting mechanism, and therefore any slight deviation from the values used for the finite element simulation will result in a deviation from the simulated value in the fabricated device.
The MSA was also used to verify the shape and nature of the fabricated harvester's resonance modes. By scanning its vibrometers across the surface of an object, the MSA is able to generate a 3D representation of the vibrational modes generated by the mechanically excited device. From prior experience, it is known that the surface of the main silicon layer produced by the SOIMUMPs fabrication process does not sufficiently scatter the laser beams generated by the MSA's vibrometer to produce reliable measurements. For this reason, a thin layer of gold has been deposited in certain areas across the surface of the harvester's moving structures to provide points at which the vibrometer can be used to measure the device's vibrations. By combining the measurements taken by the vibrometer at the defined scan points, the mode shapes of the fabricated device were determined and are shown in Fig. 8 . It can be seen from the figure that the mode shapes closely represent those obtained via the finite element simulations shown in Fig. 4 , and only differ in frequency from the simulated values by a relatively small amount as previously discussed.
B. Frequency Response Measurement Using Electrostatic Transducers
The electrical output of the MEMS harvester's electrostatic transducers was used to verify the mechanical resonance modes identified using the MSA. The transducer for each of the harvester's three axes was connected to the input of a Stanford Research Systems SR780 signal analyzer, while a 60 V DC voltage was applied to the transducers to provide the electrical bias required for the harvesting of energy from the variable capacitors. For practical use, a MEMS harvester's electrostatic transducers would be biased through methods such as the integration of electret materials as demonstrated in [22] and [23] , or by using part of the harvested energy through the addition of external circuitry, as seen in [24] and [25] . In this case, however, the use of an external electrical source as the bias is sufficient for the purpose of characterizing this proof-of-concept device.
For this test, an off-the-shelf ultrasonic transmitter was utilized to provide the required mechanical excitation for the harvester. A Prowave 250SR160 transmitter was used, whose center frequency of approximately 25 kHz is close to the frequencies of the harvester's main resonance modes in the in-plane and out-of-plane directions. The transmitter was placed close to the MEMS harvester at a 45 • angle to each of the device's three axes, and was driven by a 20 V rms wideband chirp signal. The resulting frequency response is shown in Fig. 9 . The three resonance modes of the device are clearly evident in the signal analyzer's output, and are consistent with the resonance frequencies identified using the MSA. This test indicates that the previously-identified mechanical modes are successfully exploited through the use of the electrostatic transducers to convert the device's mechanical vibrations into electrical energy.
The main benefit of a MEMS harvester with three mechanical degrees of freedom is its ability to harvest power from the exciting ultrasonic transmitter regardless of the transmitter's orientation with respect to the harvester. The harvester's ability to respond to ultrasonic excitation from different directions was demonstrated by performing a series of frequency response measurements using the signal analyzer, with the ultrasonic transmitter being aligned with one of the three main axes of the harvester during each test. The transmitter was again driven by a 20 V rms chirp signal as in the previous test, while the transducers for all three axes were connected in parallel to the signal analyzer's input. The resulting measurements are shown in Fig. 10 . It can be seen that for each excitation direction there is one dominant peak in the frequency response, and that the frequency of the dominant peak is different for each excitation direction. The frequencies of these peaks match those of the individual mechanical resonance modes previously identified in Fig. 7 , verifying that the dominant vibrational mode is dependent on the alignment of the external transducer. This test therefore demonstrates the decoupled nature of the three designed resonance modes in the fabricated device. While for each test there are smaller peaks at the other resonance frequencies that indicate some excitation of the other modes, this can be attributed to both mechanical cross-coupling within the structure of the harvester and the effect of the ultrasonic transmitter's relatively wide beam angle of 85 • .
C. Measurement of Harvested Power
Having determined the resonance frequencies of the fabricated device, its harvesting effectiveness was assessed by demonstrating the charging of a storage capacitor. The harvester's electrostatic transducers were each connected to a full-wave diode rectifier, with a 1 μF low-ESR electrolytic capacitor being used to collect the harvested electrical energy. The time-varying voltage on the storage capacitor was measured using an oscilloscope connected via a Stanford SR560 low-noise voltage preamplifier with unity gain and an input impedance of 100 M . A 60 V electrical bias was again applied to each electrostatic transducer from an external power source.
For each test, the ultrasonic transmitter was placed approximately 5 cm from the MEMS die and directed along one of the harvester's main axes. The transmitter was driven by a 20 V rms sinusoidal signal at the frequency of the corresponding resonance mode, as identified via the previous frequency response measurements. Fig. 11 shows the resulting increases in the voltage on the storage capacitor when the ultrasonic transmitter is activated at t = 0. Each plot in the figure shows the total power output of the device when the transmitter is separately aligned with each of the primary axes of the harvester. The average power harvested by each axis of the device was determined via the method used in [17] to allow a meaningful comparison to be made with the earlier 2-DOF harvester. This involves calculating the increase in energy stored in the capacitor over the initial 15 second period, which is given by:
where P h is the average harvested power, C is the capacitance of the storage capacitor, V is the final voltage on the capacitor and T is the time period over which the power is calculated. Based on these measurements, the electrical power harvested by the MEMS device was calculated to be 24.7 nW, 19.8 nW, and 14.5 nW for the x, y, and z axes respectively. These peraxis outputs are comparable with those obtained from the 2-DOF harvester in [17] , however the omnidirectional harvester offers the significant advantage of allowing energy to be harvested from ultrasonic waves in all spatial directions. Alternatively, it is proposed that a more meaningful representation of the harvester's output may be provided by calculating the generated instantaneous electrical power based on the initial rate of energy increase on the capacitor following the activation of the ultrasonic transmitter. Based on this method, the maximum power outputs were determined to As the energy produced by the harvester is rectified and stored on a capacitor at a usable voltage (approximately 0.6 V-0.9V) it is readily available for the powering of an external load. Alternatively, additional power management or conditioning circuitry may be implemented to suit specific applications [26] .
D. Conversion Efficiency
As noted in [24] , the conversion efficiency of an electrostatic energy converter such as the device presented in this paper can be assessed by comparing the actual power delivered by the harvester with the theoretical output of an optimal electrostatic transduction mechanism. The electrical energy harvested by the device during one cycle of the harvester's mechanical oscillations is given by [27] :
where U 0 is the bias voltage supplied to the electrostatic transducers, and C max and C min are the maximum and minimum capacitances of the transducers throughout the vibration cycle, respectively. To determine these corresponding transducer capacitances, the time-varying displacement of the proof mass was measured using the MSA while the device was excited by the ultrasonic transmitter as described in Section IV-C. The measured time-varying vibrations of the harvester were determined to be sinusoidal in nature, as expected, with amplitudes of 1.31 μm, 1.28 μm, and 1.22 μm for the x-, y-, and z-axis resonance modes respectively. From these measured displacements, the maximum and minimum capacitances of each of the harvester's electrostatic transducers were estimated based on the expression for the capacitance of in-plane overlap transducers [28] :
where N is the number of comb fingers, ε 0 is the permittivity of free space, L is the overlapping finger length, z is the overlapping finger height, and d is the gap between the fingers. The resulting estimated capacitances are shown in Table II . These capacitances were used together with (2) to yield W harvested , the optimal energy harvested per cycle. The optimal harvested power, P harvested , is obtained using P harvested = W harvested f , where f is the vibration frequency of the proof mass. By expressing the actual power outputs measured in Section IV-C as a percentage of P harvested , the conversion efficiencies of the x, y, and z axis components of the MEMS harvester were calculated to be 1.58 %, 1.30 %, and 0.42 % respectively. While low, these efficiencies are comparable with other electrostatic harvesters in the literature [27] , and indicate that there is significant scope for further improving the performance of the device. This may involve further optimization of the comb-finger transducers for the achieved mechanical displacements, and the use of more sophisticated power management circuitry. The potential use of a chargeconstrained conversion mode through the implementation of electret materials may also have some implications for the overall efficiency of the system due to the added need to convert the generated outputs, which are typically on the order of several hundred volts, to more usable voltages [29] .
V. CONCLUSION
A novel 3-DOF MEMS energy harvester has been presented in this paper, with potentially suitable applications including the powering of implanted biomedical devices. The harvester is designed to use an external source of ultrasonic waves to mechanically excite a resonant mass structure, and integrated electrostatic transducers are used to harvest electrical energy from the resulting displacements. The device is designed to have three resonance modes in the x, y, and z directions, meaning that energy can be harvested regardless of the device's orientation relative to the exciting ultrasonic transmitter.
The harvester is fabricated using a commercial SOI MEMS process, with experimental characterization showing that the device's resonance modes are close to the designed frequency of 25 kHz. Through the charging of a load capacitor, the x-, y-, and z-axis harvesting mechanisms of the device were determined to generate 24.7 nW, 19.8 nW, and 14.5 nW of electrical power respectively from ultrasonic waves generated by an external transmitter.
The 3-DOF MEMS harvester successfully demonstrates the energy harvesting concept using a mechanism that is potentially suited to biomedical applications. Future work aims to address the additional challenges that must be met to create a practical realization of the system, including the efficient transfer of ultrasonic waves from human tissue into the harvester.
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